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Abstract

Objective: We aimed to elucidate the ossification process of the otic capsule in postna-

tal C57BL/6 mice and depict the three-dimensional (3D) process of otoconial minerali-

zation in vivo.

Methods: The otic capsules of C57BL/6 mice were stained with alizarin red and

imaged/compared using micro-computed tomography on postnatal day (P) between P0

and P8, P10, P15, and P30 and 3–4 months old (P3–4Mo). We reconstructed 3D

images of the otic capsule and otoconia and measured the bone mineral density using

x-ray absorptiometry on each age.

Results: The 3D reconstructed otic capsule images revealed two ossification centers of

the otic capsule at P0. One was observed around the ampulla of the superior semicircu-

lar canal and utricle, and the other was observed around the ampulla of the posterior

semicircular canal. The cross-sectional views demonstrated that modiolar ossification

developed from the base to the apex from P4 to P8. The inter-scalar septum ossified

bidirectionally from the modiolus and bony otic capsule from P8 to P15. The mineral-

ized otoconia were first detected in the utricle at P3 and saccular otoconia at P6. The

density of the utricle and saccular otoconia showed different growth trends.

Conclusion: To the best of our knowledge, this is the first study to demonstrate the 3D

appearance of the otic capsule and otoconia in different developmental stages of mice.

We also revealed that modiolar and inter-scalar septal calcification is the final event in the

cochlea and that it can be susceptible to pathological conditions (cochlear congenital mal-

formations and hereditary vestibular diseases). The unique features of the ossification

process and duration may explain these pathological conditions observed in humans.
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1 | INTRODUCTION

Incomplete partition anomalies represent a group of cochlear malfor-

mations in which there is a clear differentiation between the cochlea

and vestibule with normal external dimensions but with various inter-

nal architectural defects within the cochlea.1–3 Incomplete partitions

are classified into three types according to defects in the modiolus

and inter-scalar septa. Incomplete partition type I (IP-I) lacks the entire

modiolus and inter-scalar septa. In IP-II, the apical part of the modiolus

and the corresponding inter-scalar septa are defective, giving the apex

of the cochlea a cystic appearance owing to the confluence of the

middle and apical turns. In IP-III, the cochlea has inter-scalar septa;

however, the modiolus is completely absent. These cochlear malfor-

mations are based on the morphology of the bony labyrinth and gen-

erally result from arrest during various stages of embryogenesis. The

developmental process of the membranous labyrinth has been exten-

sively studied in mice so far4; however, the calcification process of

the bony labyrinth (otic capsule) has not been investigated in detail.

The otoconia are bio-crystals composed of CaCO3 and proteins, cov-

ering the saccular and utricular maculae. The shape, size, and organization

of the CaCO3 crystallites in the otoconia are strictly controlled by an

organic matrix composed of proteins and proteoglycans and vary greatly

in different regions of the otoconial complex.5 The development of the

majority of the otoconia in the utricular macula occurs on the 15th and

16th gestational days in mice.6 The gross morphology of the otoconia

revealed by scanning electron microscopy is almost complete at birth;

however, calcium deposition still continues until postnatal day (P)14.6 It

has been shown in various animal models that changes in otolith

morphology and reductions in the otolith volume result in vestibular

dysfunctions. However, none have reported the nondestructive three-

dimensional (3D) developments or quantitative changes in calcium depo-

sition in the otoliths in detail. Thus, this study aimed to elucidate the

postnatal ossification process of the mouse otic capsule, modiolus, inter-

scalar septa, and otoconia using micro-computed tomography (micro-CT).

2 | MATERIALS AND METHODS

We purchased C57BL/6J mice from Japan SLC (Shizuoka, Japan) and

housed them in plastic-bottomed cages with ad libitum access to food and

water. This study was approved by the Institutional Animal Care and Use

Committee of Tokyo Medical and Dental University (No. A2019-280A).

The number of samples used in this study is shown in Table 1.

2.1 | Alcian blue and alizarin red staining

We prepared an Alcian blue solution to stain the cartilaginous tissue using

mixtures of Alcian blue 8GX, pH 2.5 (FUJIFILM Wako Pure Chemical Co.,

75881231 by CAS), 10 g, and 3% acetic anhydride 1000 mL. Alizarin red

S solution (Abcam, ab146374) was prepared for staining the osseous tis-

sue with mixtures of 100 mL sterile water in 1.0-g KOH and 0.5-g alizarin

red S solution.7,8 Mice were euthanized on P0–P8, P10, P15, and P30 and

at 3–4 months old (P3–4Mo). We carefully dissected the otic capsules in

0.1-M phosphate-buffered saline (PBS) and fixed them in 4% paraformal-

dehyde in PBS. Each otic capsule was then stained with Alcian blue solu-

tion for 1 day, washed in 95% EtOH for 1–2 h, and soaked in 0.5% KOH

(WAKO, 165-21825) overnight, followed by clearing in 1% KOH for

1 day. Subsequently, we stained them with alizarin red S solution diluted

in water (1:50) for 2 h or overnight, cleared them in 1% KOH for 1 day,

and in 20%, 40%, 60%, 80%, and 100% glycerin, each for 20 min. Finally,

we captured images using a stereomicroscope (Olympus SZX 12; Japan).

2.2 | X-ray micro-CT

All samples were imaged using a cone-beam micro-CT (InspeXio SMX-

100CT; Shimadzu, Japan).9,10 The x-ray tube voltage was 75 kV, the

tube current was 30 A, the voxel size was 0.01 mm, the total rotation

was 360�, and the integration time was 240 s for each stage. The aver-

aging or median filter, ring artifact, or beam hardening correction was

not applied during the acquisition (Figure S1). The images were imported

into the software InspeXio64 (version 3.0; Shimadzu, Japan) and loaded

into the 3D BON software (TRI/3D-BON-FCS; Ratoc System Engineer-

ing Co., Ltd.) to measure the bone density of the otic capsule. We pro-

cessed the images using a free image-processing software program,

Image J (v1.53a; National Institutes of Health, USA), and then to a nearly

raw raster data (NRRD) file for further 3D reconstruction processing.

2.3 | Otic capsule, bony labyrinth, and otoconium
segmentation

We reconstructed the 3D surface images of the otic capsule and oto-

conium using a 3D slicer (www.3dslicer.com).11 Yen's method (which

was integrated into the software) was used to determine the thresh-

old range.12,13 Minimal manual adjustments were made when dealing

TABLE 1 Number of samples analyzed.

Surface
Staining

(Figure 1)

Micro-CT

(Figure 1–3, 5)
BMD measurement

(Figures 4 and 6)

P0 7 5 3

P1 6 4 4

P2 6 5 6

P3 2 1 /

P4 6 6 4

P5 1 1 1

P6 4 4 2

P8 5 4 4

P10 / 1 1

P15 / 7 4

P30 / 4 4

P3–4Mo / 5 5
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with the images of the early postnatal mouse specimens. Each surface

image of the otic capsule was superimposed on the internal surface of

the mature bony labyrinth. The internal surface of the mature bony

labyrinth was created using a semiautomatic segmentation algorithm,

“Grow from seeds,” to extract the models of the intra-otic capsule

structures using a 3-month-old mouse.14 The detailed procedure was

described as previously.10 No user input by code was required to

compute the segmentation.

2.4 | Bone mineral density

We also performed 3D reconstruction imaging of the bone system

(TRI/3D-BON, RATOC System Engineering Co., Ltd.) to compare and

quantify the bone mineral density (BMD) of the otic capsules, semicircu-

lar canal, and otoconia. The phantoms that consisted of aluminum and

seven types of hydroxyapatite (content, 200, 300, 400, 500, 600, 700,

800, and 1550 mg/cm3) were scanned under the same conditions as the

F IGURE 1 Stereomicroscopic and
reconstructed computed tomography
appearances of otic capsule ossification.
Panel a shows that at P0, the otic capsule
ossification starts from two distinct
locations. One ossification center is
observed around the ampulla of the
anterior semicircular canal and utricle
(asterisk in panels A and B). It then grows
toward the saccule (asterisk in panel B)
and cochlear middle turn (asterisk in
panels C and I). The facial nerve notch is
observed (arrowhead in panel H). The
other center is identified around the
ampulla of the PSCC (double asterisk in
panels A and B) and then grows to the

cochlear basal turn (double asterisk in
panel B). Panels C, I, and O show two
integrated ossification centers. The
osseous oval window's morphology starts
to form. Panels D, J, and P show that at
P4, most of the cochlea and the three
ampulla were ossified, and panel V shows
that the semicircular canal ossification
starts from the ampulla. Panels E, K, and
S show that at P6, the semicircular canals
and round window niche are gradually
covered by osseous. Panels F, L, R, and Y
show that at P8, the ossification of the
semicircular canals is almost completed,
except for that of the superior
semicircular canal (arrow in y). Panels G,
M, and S show a bony labyrinth
constructed by the mature otic capsule
without ossification at the age of 3–
4 months for the superimposed display.
Panels M–R show the lateral views of the
semicircular canal ossification. Panels S–V
show the bottom views of the
semicircular canal ossification.
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samples (tube voltage, current, and magnification power). A calibration

curve of the mean CT intensity and BMD was generated by TRI/3D-

BON software (Figure S2a, b). TRI/3D-BON software created the BMD

color-mapped images from the micro-CT image of each sample accord-

ing to the calibration curve and calculated the BMD values of the whole

otic capsules (Figure S2c, d). A phantom image of known density was

used to calibrate the linear regression slope (Figure S2a, b). In addition,

the BMD of the otoconia and ampulla of the posterior semicircular canal

(PSCC), which is one of the primary ossification centers, was quantified

using ImageJ. We took 6–12 points randomly around the site of the

ampulla of the PSCC and otoconium at each age and calculated the

mean pixel value. To calculate the BMD value, we used the calibration

linear regression equation mentioned earlier.

3 | RESULTS

3.1 | Surface ossification process of the
otic capsule

Alizarin red staining (Figure 1A–F) revealed that otic capsule ossification

started from two distinct locations at birth (Figure 1A). At P1, they

multi-directionally developed into both the vestibular and cochlear parts

(Figure 1B). From P2 to P4, the alizarin red-stained area of the cochlear

part gradually progressed from the basal to middle turns but not to the

apical turns. The stained area of the vestibular part developed around

the overall otolith organs but not around the semicircular canals or ves-

tibular aqueduct at P4. The stained area of the otic capsule reached the

top of the cochlear turn at P6 and spread throughout P8, including all

semicircular canals and vestibular aqueducts.

The 3D reconstructed surface images (Figure 1G–Y) combined with

the superimposed internal surface of the mature labyrinth display revealed

that the ossification center observed at P0, marked by an asterisk in

Figure 1A, was around the ampulla of the superior semicircular canal

(SSCC) and utricle (Figure 1A, H). It appeared to spread to most portions

of the vestibule from P0 to P2 (Figure 1A–c and 1H,I and Figure S3).

Another center labeled with a double asterisk in Figure 1A was detected

around the ampulla of the PSCC (Figure 1A, H) and appeared to develop

on the outer appearance of the cochlea and inter-scalar septum of the

basal turn (Figure 1A–C and 1H,I and Figure S3) at P2. The ossification

process of the cochlea progressed from the basal to apical turns

(Figure 1H,I) alongside each inter-scalar septum at P2, and two ossification

centers joined to each other. The bony outer appearance of the cochlea

was observed to be complete at P6 (Figure 1K). The ossification around

the otolith organs occurred around P4 and was restricted around three

ampulla (Figure 1J, P, V). At P6, the ampulla in the semicircular canals ossi-

fied, followed by the common crus and canals (Figure 1K, Q, X). The ossifi-

cation of the semicircular canals was nearly developed, except for the

SSCC at P8 (Figure 1L, R, Y). We used more than three mice at P0, P1, P2,

P4, P6, and P8 to see the stained area and mode of Alcian blue and alizarin

F IGURE 2 Cross-sectional views of the osseous cochlea. Panels A–D show the multiple-planner reconstructed images of the cochlear mid-
modiolar sections. Panels E–H show the three-dimensional views from the topside when cropping the reconstructed images of Figure 1L–N, and
one at P15 along the red line. At postnatal day (P)4, the ossification of the modiolus starts around the bottom of the cochlea (A, E). At P6, it
superiorly grows to the apex (B, F). At P8, the ossification of the modiolus is almost completed; however, the inter-scalar bony septa do not
sufficiently ossify. Inter-scalar septa ossification progresses laterally from the modiolus and medially from the bony outer otic capsule (arrows in
g). At P15, the ossification of the modiolus and inter-scalar septa is completed (D, H).

BAI ET AL. 1039



red and to create the 3D surface images by micro-CT and verified their

reproducibility. The mode of calcification development was similar among

individual samples, and the calcification degree of the otic capsule at each

age was within a difference of 1–2 days.

3.2 | Modiolus and cochlear partition ossification

The cross-sectional views on micro-CT demonstrated that modiolar

ossification began around the bottom of the cochlea at P4 (Figure 2A). It

developed from the base to the apex at P8 (Figure 2B,C). In contrast,

the inter-scalar bony septa did not appear to grow at P6 (Figure 2F).

The inter-scalar septa ossified laterally from the modiolus and medially

from the bony otic capsule at P8–P15 (Figure 2C,D,G,H). At P15, the

inter-scalar bony septa connected and almost completed (Figure 2D, H).

The 3D reconstruction views demonstrated that the modiolus originated

from the ossification center (labeled with a double asterisk in Figure 3A)

corresponding to a double asterisk in Figure 1A, B. At P4, the ossifica-

tion of the modiolus was limited to the basal end of the cochlea

(Figure 3B) and considerably ossified at P5 (Figure 3C). The BMD images

F IGURE 4 Bone mineral density (BMD) image views of the osseous cochlea. The true value of the BMD is visualized according to the calibration
curve of a phantom. The colors purple, sky blue, green, yellow, orange, and red correspond to the BMD value from 1 to 2550 mg/cm3 in order. Panels
A–D show the three-dimensional reconstructed images of the cochlear mid-modiolar sections. Panels E–H show the views of two-dimensional
cross-section from the topside. At postnatal day (P)5 and P6, both the outer side of the otic capsule and modiolus are sky blue. At P8, green is
increased (B, F). At P15, the ossification of the modiolus and inter-scalar septa is completed, and both yellow and green are filled in both spaces of the
outer otic capsule and modiolus. At 3–4 months old, orange is filled in the bony structure, and there is little blue in the inter-scalar septa (D, H).

F IGURE 3 Cross-sectional views of the osseous cochlea in a vertical view. The cross-sectional views demonstrate that the modiolus is limited
at postnatal day (P)4 (b). Panel C shows that the modiolus is considerably ossified at P5, and the bony outer appearance of the cochlea is fully
covered. The asterisk indicates the primary ossification center around the ampulla of the anterior semicircular canal and utricle. The double
asterisk indicates the primary ossification center around the ampulla of the posterior semicircular canal. The arrows show the modiolus.
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of the osseous cochlea showed the mineralization process of the modio-

lus and inter-scalar septa (Figure 4). The modiolus was green (approxi-

mately 800 mg/cm3) at P8 (Figure 4B, F), and the inter-scalar septa

were green at P15 (Figure 4C, G).

3.3 | Otoconial mineralization

The otoconium was first detected in the utricle at P3 by reconstructed

micro-CT (Figure 5A,G), whereas the saccular otoconium was identified

at P6 (Figure 5B, H). The calcium of the otoconia was almost deposited

on the utricle and saccule at P15, and the CT images of the otoconia at

P15 were almost identical to those at P3–4Mo (Figure 5F,L).

3.4 | BMD increment of the otic capsule and
otoconia

The BMD of the otic capsule increased continually from P0, at around

500 mg/cm3, until P3–4Mo, when this value increased to above

1000 mg/cm3 (Figure 6). From P0 to P2, the BMDs of the otic capsule

and ampulla of the PSCC were similar. The otic capsule only ossified the

original parts. After P8, the BMD of the ampulla of the PSCC surpassed

that of the otic capsule. The otic capsule was almost completed at P8.

The densities of both utricular and saccular otoconia continued to

increase until P3–4Mo, at around 1000 mg/cm3(Figure 6).

4 | DISCUSSION

To the best of our knowledge, this is the first study to demonstrate

the 3D ossification process of the otic capsule in developing mice

using micro-CT. The 3D reconstruction affords spatial construction

information, which is difficult to recognize on the two-dimensional

sectional views. We revealed the primary ossification areas of the otic

capsule and spatial mineralization trends of the modiolus and scalar

septum. In addition, we quantified the rate of calcium deposits and

illuminated the developmental patterns of the otoconia. We found

that alizarin red staining and micro-CT showed similar results in identi-

fying the ossification process. Micro-CT evaluates calcium deposition

based on x-ray permeability, whereas alizarin red directly detects cal-

cium deposition. Alizarin red staining combined with alcian blue

F IGURE 6 The bone mineral density (BMD) of the otic capsule
and density of the otoconial layers. The BMD of the otic capsule
increases continually from postnatal day (P)0. From P0 to P2, the
BMDs of the otic capsule and ampulla of the PSCC remain similar.
The otic capsule only ossifies the original parts. After P8, the BMD of
the ampulla of the PSCC surpasses the BMD of the otic capsule. The
otic capsule is almost completed at P8. The densities of both the
utricular and saccular otoconia gradually increase, whereas they are all
less than that of the otic capsule. The error bar represents the
standard deviation.

F IGURE 5 Otoconium calcification. The utricular otoconia are first detected at P3 by reconstructed micro-computed tomography (A, G),
whereas the saccular otoconia are identified at P6 (B, H). The otoconium calcification gradually develops between P6 and P10, and the calcium
depositions on the otoconia on the utricle and saccule are almost completed at P15 (E, K), the computed tomography images of which are almost
identical to those at P3–4Mo (F, L).
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staining facilitated the spatial orientation of the calcification sites,

which was superior to micro-CT, especially for early postnatal otic

capsules. In contrast, the nondestructive 3D evaluation and assess-

ment of the degree of calcification were solely possible using micro-

CT. It was effective to evaluate both methods in the current study.

Micro-CT images did not completely match the alizarin red-stained

area. Our threshold segmentation method delineated slightly different

boundaries compared with those detected by alizarin red staining.

During the fourth to fifth fetal months in humans, ossification of

the otic capsule commences after the surrounding cartilage has attained

its final shape and size, which corresponds to the developed membra-

nous labyrinth. Calcium deposition starts from the center of ossification

at the 16th to 21st weeks of fetal life. Bast et al. identified 14 primary

ossification centers and numbered them using histological sections. Four

centers initially appeared in the cochlea and ampulla of the SSCC at the

16th week. The next nine centers were present around the internal

acoustic meatus and between the vestibule and cochlea at the 18th

week. The last appeared over the crus of the posterior canal at the 21st

week.15 In our study, we identified two distinct earliest ossification

centers in the otic capsule of mice. They are likely corresponding to ossi-

fication centers 3 and 1 or 2 (Figure S4). The 3D reconstruction of

micro-CT revealed that the mouse otic capsule ossified from two cen-

ters located primarily on the ampulla of the semicircular canals followed

by the vestibule and cochlea. This trend of calcium deposition was con-

sistent with that in the human temporal bone by decalcified sections15;

however, the other remaining centers could not be identified in mice.

Further studies are needed to determine the number of central points in

the human otic capsule where calcium deposition begins.

The progression of mineralization in the modiolus of humans was

previously reported to begin at 20 weeks' gestation. However, the

detailed 3D ossification process of the modiolus has not been described.

The current study revealed that ossification of the mouse modiolus

started around the basal turn at P4 (Figure 2A). From P5 to P6, it rapidly

elongated in the apical direction in a spiral manner but did not reach the

apical end at the time when the bony appearance of the otic capsule had

already been fully covered. Modiolar ossification spread to the end of

the apical turn at P8 (Figure S5). In contrast, the BMD rapidly increased

from P6 to P8, similar to areas in the otic capsule. These results imply

that calcium deposition in the modiolus occurs simultaneously with elon-

gation, whereas calcium deposition on the other site of the otic capsule

spreads slowly throughout the early stage and then rapidly increases in

the late stage. This difference may be because the morphogenesis of the

modiolus differs from that of other parts of the otic capsule. In humans,

no cartilage is observed in the modiolus at any of the fetal stages.15 The

modiolus is formed from a type of membranous bone with spicules of

bone formation and not from the endochondral bone.1,15 Similarly, most

of the inter-scalar septum is formed by intramembranous bone formation

from the modiolus. The inter-scalar septum separates each turn of the

cochlea from the contiguous turn. Thus, the scala vestibule of the first

cochlear turn is separated from the scala tympani of the second turn by

the inter-scalar septum. Therefore, separation of the cochlear duct at the

apical turn occurs during the delayed period, which is consistent with our

findings in mice (Figure 2). We hypothesized that the difference in

ossification speed may be due to the difference between the intra-

membranous and intra-cartilaginous processes, and the apical inter-scalar

septum could be more susceptible to pathological conditions.

Micro-CT can obtain precise information with minimal artifacts;

however, it is difficult to quantitatively analyze the density of the otoco-

nia because of its low radiodensity, which makes it technically challeng-

ing to determine the boundary to separate the otoconia from the

background.16 We partially resolved this problem using the automatic

artificial intelligence algorithm, “keep selected island” in the 3D slicer, by

which the otoconia would be separated from the background without

manual work (Figure 5). In addition, we performed a quantitative analysis

of the otoconial layer to understand saccular and utricular calcium depo-

sition development under identical photo and processing conditions. The

normal formation of the otoconia requires the correct homeostasis of

the saccular and utricular endolymph and increasing calcium and bicar-

bonate concentrations locally in a specific order and time. If not, the oto-

conia result in irregularly shaped inorganic crystals, leading to severely

impaired balance function.5 The lack of formation of giant otoconia in

saccular otoconia has been reported in Slc26a4-null mice,12,17 in which

endolymphatic homeostasis has been broken.18 An important role of hair

cells has also been suggested in the maintenance of the otoconia.19,20

Plasma membrane calcium ATPase 2 (PMCA2) is expressed in the outer

hair cells and has been implicated in the maintenance of the endolymph

calcium concentration.21 The saccular otoconia have disappeared at the

age of 1 month in PMCA2 type 2 gene-null mice.16

The reconstructed CT demonstrated that the otoconia in the lat-

eral region of the utricular otoconial layer were first detected and the

center of the otoconial layer was not detected. This trend was still

present in the mature inner ears, probably due to the limited resolu-

tion and signal-to-noise ratio. The mean size of the otoconia is

approximately 10 μm,22 whereas the minimum voxel size of the

reconstructed CT dataset was 5 μm in our study. However, it was

impossible to completely differentiate the signal from the background

noise using any option of the 3D slicer algorithm. More detailed

observations of the otolith developmental patterns and ectopic otoco-

nia are required in the advent of more sophisticated instruments.

This study has some limitations. First, micro-CT took clear images

of the otoconium on postnatal days. However, the otoconium images

were obscure and unmeasurable in adult mice. Our technical method

could not provide sufficient contrast through a thick otic capsule. Sec-

ond, we performed the morphological analysis of the ossification and

mineralization processes; therefore, we could not determine the rela-

tionship with various signaling molecules, including TGF, BMP, and

FGF. Furthermore, in the future, we would aim to conduct molecular

embryogenesis research to reveal how it leads to the normal shape

formation of the otoconia and otic capsule.

5 | CONCLUSION

In the inner ear, vestibular/semicircular development precedes

cochlear organ development; however, the current study revealed cal-

cification of the cochlea prior to the semicircular canals. Our results
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clearly revealed the 3D osseous labyrinth ossification and otoconial

mineralization process using reconstructed micro-CT. The unique fea-

tures of the ossification process and duration may explain the patho-

logical conditions of cochlear congenital malformations and hereditary

vestibular diseases observed in humans.
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